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ABSTRACT 

P o t e n t i a l  b e n e f i t s  d e r i v e d  f rom r o t a t i n g  s p a c e  s y s -  
tems l i e  p r i m a r i l y  i n  t h e  realm of improving  h a b i t a b i l i t y  and 
m a i n t a i n i n g  p h y s i c a l  f i t n e s s .  
of f r e e - f a l l i n g  o b j e c t s  t o  f o l l o w  " n o n - v e r t i c a l "  t r a j e c t o r i e s ,  
changes  i n  body we igh t  and body-pos tu re  d u r i n g  t r a n s l a t i o n ,  
d i f f e r e n c e s  between head and f o o t  a c c e l e r a t i o n '  and g e n e r a t i o n  
of C o r i o l i s  f o r c e s  p o s s i b l y  a f f e c t i n g  p o s t u r a l  r e f l e x e s ,  l oco -  
mot ion  and manual t asks .  
e d g e ,  i t  a p p e a r s  t h a t  a g r a v i t y  l e v e l  of a t  l eas t  0 . 3  g is 
s u i t a b l e  f o r  h a b i t a b i l i t y  and tha t  a n  a n g u l a r  v e l o c i t y  o f  n o t  
h i g h e r  t h a n  6 rpm i s  p h y s i o l o g i c a l l y  a c c e p t a b l e .  
based and i n - f l i g h t  r e s e a r c h  a c t i v i t i e s  r e q u i r e d  t o  o p t i m i z e  
these  and o t h e r  l i m i t s  are i n d i c a t e d .  

D i s a d v a n t a g e s  i n c l u d e  a t endency  

On t h e  basis of p r e s e n t  day knowl- 
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I. INTRODUCTION 

The c r e a t i o n  o f  an a r t i f i c i a l  g r a v i t y  envi ronment  i n  
manned s p a c e  f l i g h t  sys tems appears  b e n e f i c i a l  for two r e a s o n s .  
From t h e  h a b i t a b i l i t y  s t a n d p o i n t ,  a s t r o n a u t  a c t i v i t i e s  would 
be g r e a t l y  s i m p l i f i e d .  For example,  assembly  and r e p a i r ,  
t r a c t i o n  and locomot ion ,  e a t i n g  and d r i n k i n g ,  m i c t u r i t i o n  and  
d e f e c a t i o n  a re  a l l  f a c i l i t a t e d  by t h e  p r e s e n c e  o f  a n  i n e r t i a l  
d i r e c t i n g  f o r c e .  S a n i t a t i o n  w i l l  a l s o  be  eas ie r  t o  m a i n t a i n  
i f  d i r t  and f l u i d s  c o l l e c t  on t h e  f l o o r  and c i r c u l a t i o n  o f  
space c a b i n  a tmosphe res  w i l l  b e  b e t t e r  c o n t r o l l e d  i f  convec-  
t i o n  c u r r e n t s  e x i s t .  

From t h e  b iomed ica l  s t a n d p o i n t ,  b e n e f i t s  d e r i v e d  
would l i e  p r i m a r i l y  i n  t h e  realm o f  m a i n t a i n i n g  p h y s i c a l  f i t -  
n e s s .  F o r  example,  c a r d i o v a s c u l a r  d e c o n d i t i o n i n g  c o u l d  b e  de- 
l a y e d ,  m u s c u l o s k e l e t a l  d e g r a d a t i o n  c o u l d  b e  s u p p r e s s e d ,  and  
o t o l i t h i c  d i s o r d e r s  cou ld  be p r e v e n t e d .  To da te ,  however,  
t he re  e x i s t s  no f l i g h t  ev idence  i n d i c a t i n g  t h a t  man w i l l  n o t  
be able  t o  endure  p ro longed  s p a c e  f l i g h t  or per fo rm s a t i s f a c -  
t o r i l y  unde r  c o n d i t i o n s  of  w e i g h t l e s s n e s s .  I n  f a c t ,  any 
a p p r e h e n s i o n  i s  based n o t  on man's  a b i l i t y  t o  s u r v i v e  weight-  
l e s s n e s s  b u t  r a t h e r  on h i s  a b i l i t y  t o  cope w i t h  r e e n t r y  s t r e s ses  
and p o s t - l a n d i n g  normal  Ea r th  c o n d i t i o n s .  Consequent ly ,  a r t i -  
f i c i a l  g r a v i t y  c a n n o t  be j u s t i f i e d  s o l e l y  as a p h y s i o l o g i c a l  
s u p p o r t  r e q u i r e m e n t .  

P r e s e n t l y  t h r e e  modes of o b t a i n i n g  a r t i f i c i a l  g r a v i t y  
are b e i n g  considered--onboard c e n t r i f u g e s ,  s p a c e c r a f t  s p i n n i n g  
and t e t h e r e d  r o t a t i o n .  An onboard c e n t r i f u g e  cou ld  b e  used  as 
a r e s e a r c h  t o o l  and as a p h y s i o l o g i c a l  r e c o n d i t i o n i n g  d e v i c e  
t o  a id  a s t r o n a u t  r e h a b i l i t a t i o n  f o l l o w i n g  p ro longed  e x p o s u r e  
t o  w e i g h t l e s s n e s s .  A s  a h a b i t a b i l i t y  a i d ,  however,  t h e  onboard 
c e n t r i f u g e  i s  of l i m i t e d  v a l u e .  Spacec ra f t  s p i n n i n g  o r  t e t h -  
ered r o t a t i o n ,  on  the  o t h e r  hand ,  c o u l d  b e  e f f e c t i v e  from a 
h a b i t a b i l i t y  s t a n d p o i n t  and c o u l d  h e l p  d e l a y  p h y s i o l o g i c a l  de- 
c o n d i t i o n i n g .  Both modes, however, i n t e r f e r e  w i t h  s c i e n t i f i c  
e x p e r i m e n t s  i n  as t ronomy and ear th  a p p l i c a t i o n s  demanding 
e i t h e r  n o n - r o t a t i n g  p l a t f o r m s  or a c c e s s o r y  e x p e r i m e n t a l  modules .  
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11. UNDESIRABLE ASPECTS OF ARTIFICIAL GRAVITY 

A r t i f i c i a l  g r a v i t y  c a n  b e  r e a d i l y  o b t a i n e d  by crest- 
i n g  a c e n t r i f u g a l  f o r c e .  T h i s  approach ,  p r a c t i c a l  as i t  may 
seem, r a i se s ,  however,  t h e  f o l l o w i n g  problems which a re  f u r t h e r  
c o m p l i c a t e d  i f  a n g u l a r  v e l o c i t y  v a r i e s  and /o r  v e h i c l e  i n s t a b i l -  
i t i e s  o c c u r :  

1. F r e e - f a l l i n g  o b j e c t s  viewed b y  a n  o b s e r v e r  
w i t h i n  a r o t a t i n g  s p a c e  s t a t i o n  w i l l  f o l l o w  
a p a t h  which does  n o t  c o i n c i d e  w i t h  t h e  
l o c a l  v e r t i c a l  ( r a d i u s  of r o t a t i o n ) .  Ob- 
j e c t s  w i l l  f a l l  i n  a n o n - p e r p e n d i c u l a r  
t r a j e c t o r y  and w i l l  l a n d  beh ind  t h e i r  ex- 
p e c t e d  impac t  p o i n t  b y  a d i s t a n c e  
d = R[ : Jh (2R-h)  -  COS-^(*)] R h  +$ 

R-h 
measured o p p o s i t e  t o  t h e  d i r e c t i o n  o f  ro- 
t a t i o n  ( h  i s  t h e  h e i g h t  o f  f a l l  and R i s  
t h e  r a d i u s  of r o t a t i o n  a t  f l o o r  l e v e l ) .  

2 .  Body we igh t  i s  no t  always c o n s t a n t .  An 
a s t r o n a u t  wa lk ing  a l o n g  t h e  p e r i p h e r y  o f  
t h e  s p a c e c r a f t  and i n  t h e  d i r e c t i o n  o f  
r o t a t i o n  w i l l  e x p e r i e n c e  a w e i g h t  i n c r e a s e .  
Conver se ly ,  when walk ing  i n  t h e  o p p o s i t e  
d i r e c t i o n ,  he  w i l l  e x p e r i e n c e  a w e i g h t  
d e c r e a s e .  The walk ing  speed  v n e c e s s a r y  
t o  change body we igh t  by a f a c t o r  n i s  

i n  t h e  d i r e c t i o n  o f  r o t a t i o n ,  and 

c o u n t e r  t o  t h e  d i r e c t i o n  of r o t a t i o n .  
( W  i s  t h e  a n g u l a r  v e l o c i t y  and R t h e  ra- 
d i u s  of  r o t a t i o n  a t  t h e  wa lk ing  l e v e l . )  
The s e n s a t i o n  i s  one of wa lk ing  u p h i l l  o r  
d o w n h i l l ,  depending on t h e  d i r e c t i o n  o f  
a s t r o n a u t  mot ion  r e l a t i v e  t o  t h e  d i r e c t i o n  
o f  v e h i c l e  r o t a t i o n .  The magni tude  of t h e  
a p p a r e n t  s l o p e  depends on t h e  s p e e d  of  
mot ion .  

v = wR(J;;-1) 

v = w R ( 1  - l/&) 

3. P r o g r e s s i v e  changes i n  body-pos tu re  w i l l  
b e  e x p e r i e n c e d  when wa lk ing  a l o n g  the  
p e r i p h e r y  of r o t a t i o n .  Loca l  u p r i g h t s  

* T h i s  e f f e c t  c o u l d  b e  q u i t e  s i g n i f i c a n t .  F o r  example,  i f  h/R 
i s  0 . 6 6 ,  0 . 7 8  or 0 . 8 7 ,  t h e n  d i s  I T R / ~ ,  ITR or ~ I T R ,  r e s p e c t i v e l y .  
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w i l l  b e  i n c l i n e d  r e l a t i v e  t o  each  o t h e r  by 
a n  a n g l e  

when s e p a r a t e d  by a chord  k measured on  
t h e  same c i r cumfe rence  R .  A s  a r e s u l t ,  
v i s u a l  and g r a v i t o r e c e p t i v e  s e n s o r s  w i l l  
p r o v i d e  c o n f l i c t i n g  s i g n a l s .  These s i g n a l s  
w i l l  a r ise  r e g a r d l e s s  o f  w h e t h e r  t h e  f l o o r  
a l o n g  t h e  p e r i p h e r y  of  t h e  r o t a t i n g  v e h i c l e  
i s  k e p t  f l a t  o r  curved .  

4 .  R o t a t i o n  i s  a l w a y s  accompanied by t h e  
phenomenon o f  g r a v i t y  g r a d i e n t .  
a s t r o n a u t  s t a n d i n g  u p r i g h t ,  t h e  d i f f e r e n c e  
between head and f e e t  a c c e l e r a t i o n  i s  
Ag = w2h 

where h i s  t h e  h e i g h t  o f  t h e  a s t r o n a u t .  

For  , a n  

5. I n  a r o t a t i n g  sys t em,  C o r i o l i s  a c c e l e r a t i o n s  
a re  produced by motion r e l a t i v e  t o  t h a t  sys -  
t e m .  These a c c e l e r a t i o n s  are d e s c r i b e d  by  
t h e  v e c t o r  e q u a t i o n  
-f + +  
ac  = -2wxv 
where v i s  t h e  v e l o c i t y  o f  mot ion .  The 
C o r i o l i s  a c c e l e r a t i o n  i s  t a n g e n t i a l  when 
t h e  v e l o c i t y  is r a d i a l ,  r a d i a l  when t h e  
v e l o c i t y  i s  t a n g e n t i a l ,  and z e r o  when t h e  
v e l o c i t y  i s  p a r a l l e l  t o  t h e  s p i n  a x i s .  
C o r i o l i s  f o r c e s  a f f e c t  manual tasks  s i n c e  
l i n e a r  body movements t e n d  t o  become c u r v i -  
l i n e a r .  They can  a l s o  s t i m u l a t e  t h e  semi- 
c i r c u l a r  c a n a l s  of t h e  i n n e r  ear  when t h e  
head i s  t i l t e d  d u r i n g  r o t a t i o n  and c a u s e  
p o s t u r a l  i l l u s i o n s  f o l l o w e d  by i n c o r r e c t  
r e f l e x  r e s p o n s e s .  The s e v e r i t y  o f  t h i s  
e f f e c t  depends p r i m a r i l y  on r a t e  o f  r o t a -  
t i o n ,  a n g l e  of head t i l t ,  r a t e  of t i l t  
and i n d i v i d u a l  s u s c e p t i b i l i t y .  

6 .  Weight changes w i l l  b e  e x p e r i e n c e d  when 
mot ion  i s  a l o n g  t h e  r a d i u s  of r o t a t i o n .  
Body we igh t  w i l l  i n c r e a s e  w i t h  i n c r e a s i n g  
d i s t a n c e  from t h e  c e n t e r  of  r o t a t i o n  and 
v i c e  v e r s a .  The change i n  r a d i u s  AR nec- 
e s s a r y  t o  a f f e c t  body w e i g h t  by a f a c t o r  
n i s  
AR = R(n-1) 
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f o r  moving away  from t h e  c e n t e r  of  r o t a -  
t i o n ,  and 
AR = R(l - l / n )  
f o r  moving towards  t h e  c e n t e r .  Dur ing  
such  mot ions ,  C o r i o l i s  f o r c e s  a re  g e n e r a t e d  
and can  b e  expec ted  t o  i n t e r f e r e  w i t h  l o c o -  
mot ion .  

111. INFORMATION NEEDS - 
B e f o r e  a r t i f i c i a l  g r a v i t y  i s  adop ted  as a s t a n d a r d  

o p e r a t i o n a l  p r o c e d u r e  i n  f u t u r e  s p a c e  s y s t e m s ,  i t s  p o s t u l a t e d  
b e n e f i t s  must b e  b o t h  demons t r a t ed  and we igh ted  a g a i n s t  po- 
t e n t i a l  d i s a d v a n t a g e s .  

The c e n t r i f u g a l  a c c e l e r a t i o n  produced  b y  a r o t a t i n g  
s y s t e m  i s  g = w2R a l l o w i n g  o p t i m i z a t i o n  among o n l y  t h r e e  p a r -  
a m e t e r s :  t h e  g r a v i t y  l e v e l  ( g ) ,  t h e  r a d i u s  of r o t a t i o n  ( R )  
and t h e  a n g u l a r  v e l o c i t y  ( w ) .  

P a r a b o l i c  s u b g r a v i t y  a i r c r a f t  f l i g h t s  have shown 
t h a t  a g r a v i t y  l e v e l  o f  a t  l e a s t  0 . 3  g i s  r e q u i r e d  f o r  e f f i -  
c i e n t  t a s k  per formance .  These s t u d i e s  s u g g e s t  t h a t  w h i l e  0 . 2  
g i s  n o t  a c c e p t a b l e ,  0 . 5  g i s  n o t  s u b s t a n t i a l l y  s u p e r i o r  t o  
0 . 3  g .  Thus,  0 . 3  g a p p e a r s  s u i t a b l e  f o r  h a b i t a b i l i t y .  

An i s s u e  n o t  ag reed  upon i s  a t  what l e v e l s  a r t i f i c i a l  
g r a v i t y  can  d e l a y  or p r e v e n t  d e g r a d a t i o n  o f  t h e  c a r d i o v a s c u l a r  
and  m u s c u l o s k e l e t a l  sys t ems .  S i m i l a r l y ,  i t  i s  n o t  p r e s e n t l y  
known t o  what e x t e n t  t h e  o t o l i t h  o r g a n s ,  which s p e c i a l i z e  i n  
t h e  s e n s o r y  p e r c e p t i o n  o f  w e i g h t ,  r e q u i r e  g r a v i t y  s t i m u l i  f o r  
r e m a i n i n g  f u n c t i o n a l .  Anecdota l  e v i d e n c e  from Gemini f l i g h t s  
i n d i c a t e s  an  e x a g g e r a t e d  o t o l i t h  s e n s i t i v i t y  t o  a c c e l e r a t i o n  
a t  r e t r o f i r e  and d u r i n g  r e e n t r y .  P h y s i c a l  e x e r c i s e  and move- 
ment abou t  a l a r g e  enough s p a c e c r a f t  cou ld  p r o v i d e  s u f f i c i e n t  
v e s t i b u l a r  s t i m u l a t i o n  t o  p r e v e n t  f u n c t i o n a l  d e g r a d a t i o n  of  
t h e s e  o r g a n s .  

From a p h y s i o l o g i c a l  s t a n d p o i n t ,  no demands a r e  i m -  
p o s e d  on t h e  r a d i u s  of  r o t a t i o n  p e r  s e ,  e x c e p t  on ly  as d i c t a t e d  
by s u i t a b l e  combina t ions  of g r a v i t y  l e v e l s  and  a n g u l a r  v e l o c i t i e s .  
However, h a b i t a b i l i t y  r e q u i r e m e n t s  ( a d e q u a t e  v e h i c l e  s i z e )  ar-  
gue  f o r  a n  i n c r e a s e  i n  r a d i u s  s i z e  w h i l e  e n g i n e e r i n g  ( s t r u c t u r a l )  
c o n s i d e r a t i o n s  a r g u e  f o r  a d e c r e a s e .  

Normal head motions a n d / o r  body movements i n  a ro- 
t a t i n g  envi ronment  c a n  g e n e r a t e  abnormal  C o r i o l i s  s t i m u l a t i o n  
o f  t h e  s e m i c i r c u l a r  c a n a l s  ( t h e  b o d y ' s  s e n s o r s  o f  a n g u l a r  
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a c c e l e r a t i o n )  l e a d i n g  t o  motion s i c k n e s s  and per formance  
d e g r a d a t i o n .  Under o t h e r w i s e  i d e n t i c a l  c o n d i t i o n s ,  t h e  sev-  
e r i t y  o f  t h e  invoked  symptoms i n c r e a s e s  w i t h  i n c r e a s i n g  a n g u l a r  
v e l o c i t y .  Ground based  s t u d i e s  i n d i c a t e  t h a t  nominal  head  
movements of a b o u t  230°/sec a r e  t o l e r a b l e  i f  v e h i c l e  r o t a t i o n  
i s  l i m i t e d  below 6 rpm. 

I n  GT-8 h i g h  r o t a t i o n  r a t e s  were a c c i d e n t a l l y  p ro -  
duced and d i s r u p t i v e  e f f e c t s  d u r i n g  head  t i l t s  were e x p e r i e n c e d .  
However, t h e  r e l a t i v e  h i g h  a n g u l a r  v e l o c i t y  and t h e  a n e c d o t a l  
n a t u r e  of  t h e  p h y s i o l o g i c a l  r e s p o n s e s  p r e c l u d e  mean ingfu l  
a p p l i c a t i o n  o f  t h i s  knowledge. Conver se ly ,  t h e  g r a v i t y  l e v e l s  
m a i n t a i n e d  d u r i n g  t h e  t e t h e r e d  r o t a t i o n  of  GT-12 were f a r  below 
t h e  u s e f u l  c e i l i n g  f o r  any c o n c l u s i o n s  t o  b e  drawn. 

P r e l i m i n a r y  t o l e r a b l e  l i m i t s  f o r  a c c e p t a b l e  human 
per formance  a r e  i n d i c a t e d  i n  F i g u r e  1. Resea rch  a c t i v i t i e s  
r e q u i r e d  t o  o p t i m i z e  t h e s e  l i m i t s  i n c l u d e :  

1. Work task  e f f i c i e n c y  t e s t s  i n  o r b i t a l  f l i g h t  
as a f u n c t i o n  o f  g l e v e l  ( c o n f i r m a t o r y  s t u d i e s ) .  

2 .  E v a l u a t i o n  of t h e  p r e v e n t i v e  or remedial  v a l u e  
of  a r t i f i c i a l  g r a v i t y  on t h e  c a r d i o v a s c u l a r  and 
m u s c u l o s k e l e t a l  systems as a f u n c t i o n  of g l e v e l  
o r  f r e q u e n c y  of  g exposure :  
a .  During pro longed  b e d - r e s t  ( e x p l o r a t o r y  

b .  Dur ing  pro longed  w e i g h t l e s s n e s s  ( i n f l i g h t  
ground-based s t u d i e s ) .  

c o n f i r m a t o r y  s t u d i e s ) .  

3.  I n f l i g h t  o t o l i t h  s e n s i t i v i t y  t e s t s  ( e x p l o r a t o r y  
s t u d i e s  ) . 

4. D e t e r m i n a t i o n  of a n g u l a r  v e l o c i t y  l i m i t s  : 
a .  T o l e r a b l e  (ongoing e x p l o r a t o r y  ground 

c e n t r i f u g e  s t u d i e s ) .  
b .  Opt imal  ( i n f  l i g h t  c o n f i r m a t o r y  s t u d i e s ) .  

5 .  I n f l i g h t  r o t a t i o n a l  h a b i t u a t i o n  t e s t s  as a 
f u n c t i o n  o f  g l e v e l  or f r equency  o f  g e x p o s u r e  
( c o n f i r m a t o r y  s t u d i e s ) .  

6 .  I n f l i g h t  d e t e r m i n a t i o n  of  v e s t i b u l a r  s t imu-  
l a t i o n  t h r e s h o l d s  as  a f f e c t e d  b y  r o t a t i o n a l  
i n s t a b i l i t i e s  ( e x p l o r a t o r y  s t u d i e s ) .  

These r e s e a r c h  a c t i v i t i e s  s h o u l d  b e  c a r r i e d  o u t  i n  a 
h i e r a r c h i c a l  manner,  w i t h  emphas is  b e i n g  g i v e n  f i r s t  t o  t h e  de-  
l i n e a t i o n  of z e r o  g r a v i t y  e f f e c t s  and t h e n  t o  t h e  e v a l u a t i o n  
o f  a r t i f i c i a l  g r a v i t y  modes o r  s u b s t i t u t e s .  
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